ABSTRACT The Mediterranean fruit fly, Ceratitis capitata (Wiedemann), displays lek mating, where searching females actively choose among aggregated males that produce visual, acoustic, and olfactory signals within the tree canopy. Recent studies demonstrated that treated males exposed to the aroma of particular plant compounds (a-copaene) or oils (orange, manuka, and ginger) gain a mating advantage over control, nonexposed males. The goal of this study was to assess the impact of another plant compound, a-humulene, on the mating success of male C. capitata. Prior work showed that a-humulene was not attractive to either sex but elicited a strong electroantennal response in males. Field cage tests showed that males exposed to the aroma of a-humulene obtained significantly fewer matings than control (nonexposed) males as long as 3 d after exposure. Exposed males exhibited lower signaling (pheromone calling) activity than control males, which presumably contributed to their reduced mating success. Despite this lessened activity, the mortality of treated males after chemical exposure was similar to that observed for control, nonexposed males, suggesting that a-humulene was not a toxic or severely debilitating agent.
Plants often have a profound effect on the mating systems of phytophagous insects (Landolt and Phillips 1997) . Host plants may serve as "sexual rendezvous" points (Bernays and Chapman 1994) , where males gather to locate or intercept females searching for food and oviposition sites. Plant compounds may also affect the production, release, and composition of insect sex pheromones. Much work on plant-pheromone interactions in insects has focused on the possible role of ingested plant compounds as precursors in the synthesis of the sex pheromone. Within the tephritid fruit flies (Diptera: Tephritidae), this phenomenon has been best studied in the genus Bactrocera, and particularly in the oriental fruit fly, Bactrocera dorsalis (Hendel), a worldwide agricultural pest. Males of this species are strongly attracted to and readily consume a plant-borne phenylpropanoid (methyl eugenol), which is chemically modified and used in pheromone synthesis (Nishida et al. 1988, Hee and Tan 2006) . Ingestion of this chemical results in increased signaling activity, pheromone attractiveness, and mating success of B. dorsalis males (Shelly and Dewire 1994) .
Males of the Mediterranean fruit fly (medfly), Ceratitis capitata (Wiedemann), another notorious agricultural pest, also gain a mating advantage through exposure to certain plant compounds, particularly those of Citrus spp. (Papadopoulos et al. 2001 , Kouloussis et al. 2013 ) and ginger Zingiber officinalis Roscoe (Steiner et al. 2013) . Interestingly, exposure to the aroma of citrus or ginger root oils alone (i.e., without ingestion) elicits heightened mating success of male medflies (Shelly et al. 2004 , Steiner et al. 2013 . Fruits and oils, of course, contain a complex blend of volatile chemicals, and thus far, only two compounds, a-copaene (a sesquiterpene found in many fruits) and linalool (a monoterpene abundant in citrus oils), have been linked to mating enhancement in C. capitata males (Shelly 2001 , Juan-Blasco et al. 2013 .
The aim of this study was to investigate the potential effects of another sesquiterpene (a-humulene, also known as a-caryophyllene) on the mating behavior of medfly males. Our interest in the a-humulene-medfly interaction arose from two disparate findings. On one hand, a field study (Casañ a-Giner et al. 2001 ) demonstrated that neither male nor female medflies were attracted to a-humulene-baited traps. However, neurophysiological research showed that a-humulene elicited very high (and dose-dependent) electroantennogram activity in male medflies (Niogret et al. 2011) , although no such response was evident in females (Cossé et al. 1995) . These results suggest that, while long range attraction is absent, a-humulene may nonetheless have male-specific effects, in particular it may act to enhance the male mating success. As shown below, initial tests revealed, quite unexpectedly, that exposure to this chemical was found to suppress the male mating ability, and subsequent tests were performed to investigate the importance of access (whether direct contact with the chemical was possible), dose, and postexposure interval on mating success. The impact of a-humulene exposure on male pheromone calling and longevity was also assessed.
Materials and Methods
Insects. With the exception of one mating experiment, all flies used in the study were derived from a laboratory colony started with 200-300 adults reared from coffee Coffea arabica L. collected near Haleiwa, Oahu, HI. The colony was maintained in several screen cages (60 by 40 by 30 cm 2 ; 500 flies per cage), and flies were provided with an ample food mixture of sugar and yeast hydrolysate at a 5:1 volumetric ratio, water, and oviposition substrate (perforated plastic vials [20 ml volume, Thornton Plastics, Salt Lake City, UT] containing small sponges soaked in orange juice). Eggs were placed on standard larval medium (Tanaka et al. 1969) in plastic trays (28 by 18 by 5cm 3 , l:w:h) positioned above a layer of vermiculite, where pupation occurred. Once sifted from the vermiculite, pupae were placed in screen cages for adult emergence. Adults were separated by sex within 2 d of emergence, well before reaching the sexual maturity (males: 5-6 d of age; females: 7-8d of age) and placed in cubical (30cm per side) screen cages (200 flies per cage) with food and water. Flies were held at 23-27 C 50-80% relative humidity, and a photoperiod of 11:13 (L:D) h. When used in the experiments, males were 5-10 d old, females were 7-10 d old, and in a given experiment control and treated individuals of the same sex were the same age. When used in this study, the flies were 10-12 generations removed from the wild and are hereafter referred to as "wild-like" flies.
To distinguish males of different treatments in the mating experiments, pupae from the wild-like strain were coated with fluorescent dye of different colors (blaze orange or horizon blue, DayGlo Corporation, Cleveland, OH) at rate of 2.5 g per 1 liter of pupae, following the standard procedure used in sterile insect technique (SIT) programs against the medfly (Andress et al. 2012) . Upon emergence, the flies generally retain dye particles on the body that can be viewed with a dissecting microscope under ultraviolet (back light). However, where external dye was not conspicuous, the head was crushed with forceps to examine the collapsed ptilinum, which picks up dye particles upon emergence from the puparium. Flies used in the attraction and mortality experiments were undyed.
In one mating experiment, we used males from a mass-reared, genetic sexing strain (Vienna-7/Tol-99) produced by the California Department of Food and Agriculture Hawaii Fruit Fly Rearing Facility, Waimanalo, Oahu, HI. This temperature-sensitive lethal (tsl) strain possesses a sex-linked mutation, such that exposing eggs to high temperature kills female zygotes, thereby allowing production of males exclusively (Franz et al. 1994) . Larvae of the mass-reared strain were reared on the same standard diet mentioned above. Two days before eclosion, pupae were dyed (neon red, DayGlo Corporation, Cleveland, OH) and then irradiated under hypoxia at 150 Gy of gamma radiation from a 137 Cs source. Pupae were placed in cubical screen cages, and emerged flies were held under the same conditions as the wild-like flies. When tested, tsl males were 5 d old.
Attraction. We performed a laboratory test to confirm the previous finding that C. capitata is not attracted to a-humulene. One hundred males or females were placed in screen cages (60 by 40 by 30 cm 3 ) at 0800 hours, and 30 min later, two cotton wicks (4 cm in length, 1 cm in diameter), one containing a-humulene (treated) and one unmodified (control), were suspended from the cage top with wire. The chemical was applied to one tip of the treated wick using a micropipette (Transferpette, BrandTech, Essex, CT). The wicks were placed 15 cm from either end of the cage along the midline of the cage top, i.e., the two wicks were separated from one another by 30 cm. Following introduction of the wicks, the number of individuals resting on each wick was recorded at 10-min intervals over the first hour and at 30-min intervals over the next 2 h. Two experiments were run for each sex, with two different doses of a-humulene (50 and 100 ml, respectively). For each sex and for each dose, two cages were observed per day on four different days (n ¼ 8); individual flies were tested once and then discarded. Cages were located in separate rooms in the laboratory under even, overhead illumination provided by fluorescent lights with windows providing additional natural lighting. Temperature and humidity conditions were the same as in Insects. The same cage locations were used over different days, and within the cages the positions of the treated and blank wicks were alternated between replicates.
Chemical Exposure. The same protocol was used to expose wild-like or mass-reared flies to a-humulene for all experiments, and variations in this procedure are noted below in the descriptions of the individual mating experiments. Using an aspirator, we transferred 90 flies from the holding cage to transparent plastic cups (14.5 cm in height, 12 cm in diameter, 0.5-liter volume), with one circular hole on the side (1.5 cm in diameter) and a nylon screen-mesh lid. The flies were introduced through the circular opening, which was then blocked with a foam plug. For the treated flies, a dose of 100 ml of a-humulene (except one experiment where a dose of 50 ml was used) was placed on one end of a cotton wick using a micropipette, and the wick was inserted (treated tip inward) into the cup wedged against, but extending beyond, the foam plug. For control flies, an unmodified cotton wick (no substance applied) was inserted in cups in the same manner. Wicks were placed in the cups at 0730 hours and were removed 24 h later. Following placement of the wick, a slab of sugar-yeast mixture (1 cm   2 ) and a small water-soaked sponge were placed on the screen cover of the cup. While 90 flies were placed in the individual cups, we used only 80 flies per cup in the mating trials, thus allowing for minor differences among cups in mortality. Cups containing treated and control flies were held in separate rooms under the temperature and humidity conditions noted above.
Mating Tests. Mating Trial Protocol. Mating trials were performed in two nylon-screen field cages (diameter 3 m; height 2.5 m) placed in a shaded location outside our laboratory in Halawa, Oahu. Three potted guava plants Psidium guajava L. (2-3 m in height) were placed in the center of each field cage to provide resting and calling sites for the flies. In all trials, males were released in the cages at 0800 hours, 15-20 min prior to female release to allow the establishment of calling sites. Cages were then checked every 30 min (matings typically last >90 min; Eberhard 2000) over the next 4 h, and mating pairs were collected by gently coaxing them into plastic vials. At the conclusion of a trial, the vials were placed a freezer, dye color of the males was later determined under a black light using a dissecting microscope, and residual (unmated) flies in the tents were killed with a fly swatter. During the mating trials, temperatures varied between 23 and 28 C. Five different mating experiments were conducted, varying in the duration of the postexposure interval before testing, the dose of a-humulene used in the exposure, the strains of flies tested, or the sex exposed to the chemical. Experiment 1. Using wild-like flies exclusively and a treatment dose of 100 ml of a-humulene, 80 treated males and 80 control males were introduced into field cages and they competed for matings with 80 females. Three sets of mating trials were conducted corresponding to postexposure intervals of 0 (trials conducted immediately after exposure period), 1, or 3 d.
Experiment 2. The same protocol was followed as in Experiment 1, except 1) the a-humulene-laden wicks were covered with nylon screen to prevent direct fly contact with the chemical (i.e., exposure to odor only), and 2) matings trials were conducted only for the 0 d postexposure interval.
Experiment 3. The same protocol was followed as in Experiment 1, except 1) a dose of 50 ml of a-humulene was used, and 2) matings trials were conducted only for the 0 d postexposure interval.
Experiment 4. As part of the routine testing, we had previously noted that wild-like males outcompeted males of the aforementioned, mass-reared tsl strain for copulations with wild-like females (T.E.S., unpublished data). To assess whether a-humulene exposure might alter the relative mating competitiveness of these strains, we first repeated our previous work and introduced 80 control wild-like males and 80 control tsl males into field cages to compete for matings with 80 wild-like females. In a second set of trials, 80 treated wild-like males (exposed to 100 ml of a-humulene on uncovered wick for 24 h) and 80 control tsl males were introduced into field cages and competed for matings with 80 wild-like females (trials were conducted with 0 d postexposure interval).
Experiment 5. To assess whether a-humulene exposure to females affected their mating propensity, we conducted two sets of mating trials. In the first set, which involved control flies exclusively, 80 wild-like males and 80 wild-like females were introduced into field cages to determine mating level in the absence of any chemical treatment. In the second set, 80 control wild-like males and 80 treated wild-like females (exposed to 100 ml of a-humulene on uncovered wick for 24 h) were introduced into field cages and mating pairs collected and counted. All trials in this experiment were conducted with 0 d postexposure interval.
Sample Sizes. In Experiments 1-3, the two field cages contained the same treatments on any given test day. For Experiment 1, trials were conducted on 8 different days for the 0 d postexposure interval (N ¼ 16 total replicates), 7 different days for the 1 d postexposure interval (N ¼ 14 total replicates), and 5 different days for the 3 d postexposure interval (N ¼ 10 total replicates). For both Experiments 2 and 3, trials were conducted on 5 different days (N ¼ 10 total replicates for each). In Experiments 4 and 5, on any given test day, one of the field cages contained control flies exclusively, while the other contained control and treated flies of the focal sex (i.e., treated wild-like males in Experiment 4 and treated wild-like females in Experiment 5). For Experiment 4, trials were conducted on 12 different days (N ¼ 12 total replicates), and for Experiment 5, trials were conducted on 8 different days (N ¼ 8 total replicates).
Male Calling. As described below, males exposed to a-humulene had a lower mating success, independent of the duration of the postexposure (pretesting) interval. Consequently, we examined the possibility that this reduction resulted, in part at least, from decreased signaling activity. We placed 80 treated (100 ml a-humulene on uncovered wick for 24 h with 24-h postexposure pretesting interval) and 80 control males in the field cages at 0800 hours. After 30 min, we collected 30 calling and 30 noncalling males individually in vials, chilled the males, and then scored dye color. If calling varied independently of chemical exposure, we expected treated and control males to comprise 50% of both the sampled calling and noncalling individuals. On a given day, this test was run simultaneously in the two field cages, and trials were conducted on six different days (N ¼ 12 total replicates).
Mortality. To assess whether the reduced mating success of treated males reflected reduced vigor, we compared the mortality of males exposed to a-humulene with the mortality of nonexposed males. Cups containing 90 treated, wild-like males (exposed to 100 ml of a-humulene on an uncovered wick) or 90 control males were established at 0800 hours. All males were 5 d old when placed in the cups. Food and water were provided to the males in the manner described above. At the same time on the following day, we removed the chemically treated wick, and deaths were recorded 2 d later (i.e., 3 d after the start of exposure for the treated males). Four cups of each treatment group were set up on each of four different days (N ¼ 16 total replicates). Among cups established on a given day, treated and control males were held in different rooms, and the treatments were alternated between rooms between successive test groups.
Data Analysis. In all cage attraction tests, fly response was very low, and thus observations of wick-perching flies were summed across all visual checks in a given trial. For all experiments, pair-wise comparisons were made using the Student's t test with raw data for counts as the data met the parametric assumption, with the exception of Experiment 3, where raw data were log 10 -transformed to meet assumptions. In tests involving proportions, data were arcsine-transformed for analysis. Examination of day effects was precluded by the small number of replicates performed per test day (n ¼ 2 tents per day), and the possibility of a cage effect was discounted, as mating frequencies of treated and control males were compared and found to be similar in the two tents. One-way analysis of variance was used to compare the relative mating success (arcsine-transformed proportions) of treated males from the three different postexposure intervals. Deviation from random in the incidence of calling versus noncalling males in the treated and control categories was assessed with a chi-square test. Means 6 1 SE are presented.
Results
Attraction. Neither sex displayed attraction to a-humulene. For a given trial, total male sightings were 0.75 6 0.25 and 0.62 6 0.26 for the treated and control wick, respectively, for the a-humulene dose of 100 ml (t ¼ 0.34; df ¼ 14; P ¼ 0.74), and 1.0 6 0.33 and 0.87 6 0.35 for the treated and control wick, respectively, for the a-humulene dose of 50 ml (t ¼ 0.26; df ¼ 14; P ¼ 0.80). Similar results were obtained for females. For a given trial, total female sightings were 1.12 6 0.35 and 0.87 6 0.35 for the treated and control wick, respectively, for the a-humulene dose of 100 ml (t ¼ 0.50; df ¼ 14; P ¼ 0.62) and 0.87 6 0.29 and 0.50 6 0.19 for the treated and control wick, respectively, for the a-humulene dose of 50 ml (t ¼ 1.07; df ¼ 14; P ¼ 0.30).
Mating Tests. Experiment 1. Wild-like males exposed to a-humulene for 24 h achieved a disproportionately low number of matings in competition against nonexposed, wild-like males whether tested immediately after exposure (t ¼ 5.9; df ¼ 30; P < 0.001), 24 h after exposure (t ¼ 5.8; df ¼ 26; P < 0.001), or 3 d after exposure (t ¼ 4.2; df ¼ 18; P < 0.001; Fig. 1 ). The proportion of matings obtained by a-humulene exposed males did not vary significantly with varying duration of the postexposure, pretest interval (F 2, 33 ¼ 0.31; P ¼ 0.74) and ranged from only 36 to 39% after the different postexposure periods.
Experiment 2. Wild-like males exposed to a screencovered, a-humulene-treated wick obtained a disproportionately low number of matings in competition against nonexposed, wild-like males. On average, treated males in this experiment procured 15.2 6 1.3 matings per replicate compared with 28.5 6 1.9 matings for the control males (t ¼ 5.7; df ¼ 18; P < 0.001). The proportion of total matings achieved, on average, by treated males in this experiment (35%) did not differ significantly from corresponding proportion in Experiment 1 (36% for 0 d postexposure interval; t ¼ 0.66; df ¼ 24; P ¼ 0.51).
Experiment 3. Wild-like males exposed to a dose of 50 ml of a-humulene (uncovered) for 24 h and tested immediately after exposure had significantly fewer matings than control males. On average, treated males in this experiment procured 16.5 6 1.6 matings per replicate comparedwith 28.2 6 2.2 matings for control males (t ¼ 5.8; df ¼ 18; P < 0.001). The proportion of total matings achieved, on average, by treated males in this experiment (37%) did not differ significantly from corresponding proportion in Experiment 1 (36% for 0-d postexposure interval; t ¼ 0.85; df ¼ 24; P ¼ 0.40).
Experiment 4. Exposing the wild-like males to a-humulene had a marked effect on their mating performance relative to tsl males (Fig. 2) . In the absence of chemical exposure, the wild-like males obtained significantly more matings per trial than the tsl males (t ¼ 12.7, df ¼ 22, P < 0.001), but after their exposure to a-humulene, wild-like males had significantly fewer matings per trial than the tsl males (t ¼ 2.4; df ¼ 22; P ¼ 0.03). Nonexposed, wild-like males achieved, on average, 79% of all matings per trial compared with only 45% for exposed wild-like males (t ¼ 9.5; df ¼ 22; P < 0.001).
Experiment 5. Exposing females to a-humulene had no obvious effect on their mating propensity. On average, the number of matings recorded per trial was 37.4 6 1.8 in the absence of chemical exposure and 35.1 6 2.0 after female exposure to a-humulene (t ¼ 0.9; df ¼ 14; P ¼ 0.4).
Male Calling. Exposure to a-humulene reduced male calling activity. Over all trials, the majority of calling males were control, nonexposed males (221 of the 360 ¼ 61%), and a-humulene-exposed males comprised only 39% (139 of the 360) of the total sample. Conversely, the majority of noncalling males were treated males (217 of the 360 ¼ 60%), and control males comprised 40% (143 of the 360) of the total sample. The incidence of calling and noncalling varied significantly with the male treatment category (v 2 ¼ 32.9; df ¼ 1; P < 0.001). On average, 18.4 6 0.9 of the calling males collected per trial were control males and 11.6 6 0.8 were chemically treated males (t ¼ 5.6; df ¼ 22; P < 0.001), while 18.1 6 0.7 of noncalling males collected per trial were treated males compared with 11.9 6 0.8 control males (t ¼ 5.3; df ¼ 22; P < 0.001; Fig. 3) .
Mortality. Exposure to a-humulene had no obvious effect on male mortality. Two days after removal of the wicks (treated or blank) from the containers, the average number of deaths per cup was 4.4 6 0.4 for the chemically exposed males and 4.5 6 0.3 for the control males (t ¼ 0.40; df ¼ 30; P ¼ 0.7). With 90 males per replicate, mortality was thus 5% in both treatments
Discussion
Exposure to the plant compound a-humulene resulted in decreased mating success in males of C. capitata. This effect was observed even when treated males were prevented from contacting the a-humulene source, indicating that exposure to the chemical's odor alone was sufficient to lessen the male mating frequency. Also, a decrease in the mating ability was evident for at least 3 d after chemical exposure. Treated males displayed lower signaling (pheromone calling) levels than control males, and this likely contributed to their lower mating success. Male exposure to a-humulene did not result in higher mortality; consequently, the reduced calling and mating levels of treated males apparently did not indicate an overall loss of vigor. In terms of mating propensity, a-humulene's effect was sex-specific: females exposed to the chemical exhibited the same copulation frequency as nonexposed females.
As noted above, the aroma of certain compounds (a-copaene) and essential oils increases the mating success of C. capitata males, and in all these cases, the substances are attractive to males (a-copaene, Flath et al. 1994 ; wounded orange fruits, Katsoyannos et al. 1997; ginger root oil, Mwatawala et al. 2013 ). In contrast, a-humulene decreased mating success and was not attractive to C. capitata males in field (Casañ aGiner et al. 2001) or laboratory (present study) tests. Given the negative behavioral effect, the lack of attractancy is not surprising. In fact, the opposite responserepulsion or avoidance-seems more likely, although this possibility remains untested. The fact that a-humulene elicits a strong neurophysiological (antennal) response in males (Niogret et al. 2011) but not in females (Cossé et al. 1995) suggests that its detection has greater fitness consequences to males, and this in turn hints at the evolution of a "detection for avoidance" strategy in males.
Despite their different effects, the various aromas appear to act primarily via their impact on male signaling propensity, with orange and ginger root oils enhancing (Papadopoulos et al. 2006 ) and a-humulene reducing pheromone calling. Signaling level is a key determinant of mating success in medfly males (Shelly 2000) ; consequently, chemicals that influence signal production are likely to have major impact on copulation frequency. In the case of orange and ginger root oils, male exposure did not, once varying signaling activity was taken into account, result in the production of a more attractive pheromonal signal to females (Papadopoulos et al. 2006 ). a-Humulene has been detected in the rectal gland (site of prerelease pheromone storage) of Bactrocera correcta (Bezzi) (Tokushima et al. 2010) and in the emitted pheromone volatiles of Anastrepha obliqua Macquart (Gonçalves et al. 2013) , but in neither case has the compound's effect on pheromone attractiveness been investigated. Fig. 2 . Number of matings (mean 6 SE) obtained per replicate by tsl males and wild-like males in two experiments in which wild-like males were not (left plot) or were (right plot) exposed to a-humulene. The tsl males were not exposed to the chemical in either experiment. Treated wild-like males were exposed to 100 ml of a-humulene on an uncovered wick for 24 h and were tested immediately after exposure. Nonexposed, wild-like males obtained significantly more matings than tsl males, but exposed wild-like males obtained significantly fewer matings than tsl males (see text). No exposure Exposure Fig. 3 . Number (mean 6 SE) of calling and noncalling control (not exposed) and treated (exposed to a-humulene) males collected per replicate. Treated males were exposed to 100 ml of a-humulene on uncovered wick for 24 h and then held another 24 h prior to testing.
The sex pheromone of the medfly does not appear to contain a-humulene (Jang et al. 1989) , and thus it appears that the reduced mating of treated males reflected an a-humulene-mediated reduction in pheromone output and not a lessening of pheromone attractiveness.
In the case of ginger root oil, there is evidence that, in addition to heightened calling level, exposure chemically altered the surface of the exoskeleton in some manner that increased male attractiveness to females (Shelly et al. 2007) . The effect of a-humulene exposure on male body scent has not yet been investigated. However, regarding possible modification of body odor, it is interesting to note that, in a series of elegant experiments, Yasui et al. (2007 Yasui et al. ( , 2008 demonstrated that female cerambycid beetles are capable of adsorbing a-humulene from the air on to their elytra, thereby increasing their conspicuousness to searching males. While a-humulene had a positive effect in this example (contrary to the present study), these findings demonstrate that air-borne a-humulene can be "collected" by insects and can influence sexual interactions.
The influence of a-humulene on the mating behavior of the Mediterranean fruit fly in natural populations is unknown. Although data on the concentration of a-humulene in plants are scarce, the lowest experimental dose used here is likely much higher than natural concentrations. For example, Vekiari et al. (2004) reported that a-humulene constituted 4-5 mg/kg of the essential oil from citrus leaves and fruits, and thus on a per kilogram basis the 50 ll dose (45 mg, as the specific gravity of the compound is 0.89; http://www.sig maaldrich.com, accessed 16 February 2015) was 9-11 times higher than the amount found naturally in plant tissue. Future work will focus on lower doses of the chemical to assess whether similar behavioral effects are observed.
In addition, a-humulene does not occur in isolation, but in complex blends with many other chemicals (Vekiari et al. 2004) . As plant chemicals commonly interact in inhibitory or synergistic ways (Bruce et al. 2005) , it is possible that the biological impact of a-humulene on medfly males depends on the identity and amount of co-occurring compounds. For example, the ginger root oil used in the aforementioned studies (Steiner et al. 2013 ) contained a-copaene and a-humulene, and the positive response of male medflies to this oil (i.e., attraction and enhanced mating frequency) may have reflected, partially at least, the higher concentration of a-copaene relative to a-humulene (0.4% vs. trace, respectively; Shelly and Pahio 2002, Ann Heller, personal communication) . Mango contains both of these sesquiterpenes as well. Intriguingly, however, the relative concentration of a-humulene is greater than that of acopaene (0.16 vs. 0.07 lg/g fruit tissue; MacLeod et al. 1988) , and exposure to mango fruits did not confer a competitive advantage to medfly males in mating trials (Shelly et al. 2008) . Given the complex chemical composition of fruit odors and tissues, it is unlikely that the relative amounts of these two compounds alone determine the potential effect on male medfly behavior. Nonetheless, the above comparisons suggest that experimental manipulation of the relative titers of a-copaene and ahumulene provide a starting point to increase our understanding of the plant-mediated sexual behavior of C. capitata males.
In conclusion, we monitored the effect of a-humulene exposure on the relative mating performance of wild-like and tsl males to illustrate our ability to manipulate male mating success. Without chemical treatment, wild-like males were superior competitors, whereas after treatment they were inferior competitors. This outcome provides a mirror image to previous studies (Shelly et al. 2004 , Steiner et al. 2013 , where exposure of tsl males to orange or ginger root oil boosted their mating success relative to wild-like males. To improve the effectiveness of the SIT, prerelease exposure of tsl males is feasible and desirable and has been incorporated as the standard procedure in a number of medfly eclosion and release facilities (Juan-Blasco et al. 2013 ). However, the converse strategy to improve SIT-lowering the mating ability of wild males via exposure to a-humulene-appears impractical given its low attractancy and high cost. Consequently, the value of the present study resides, not in immediate practical applications but in the identification of a plant-borne suppressant of male medfly sexual behavior and the possibility that the relative amounts of stimulatory and inhibitory compounds, such as a-copaene and a-humulene, may shape the nature of plant effects on this behavior.
